Self-shielding factors for the neutron capture reactions of 238U.1 and 232Th were measured in the resonance energy region of 1~35 keV, using a neutron time-of-flight method with an electron linear accelerator.
The experimental results were compared with calculations based on JENDL-2, JENDL-3 and ENDF/B-IV.
For 238U, an energy dependent structure was observed in the experimental selfshielding factors.
The calculations based on JENDL-2 and ENDF/B-IV did not show this structure in the unresolved resonance region and were smaller than the experimental values from 4 to 6 keV. The calculation based on the resolved resonance parameters in JENDL-3 showed better agreement with the experiment from 4 to 6 keV, but discrepancies still remained in other energy ranges.
For 232Th, no remarkable discrepancy was observed in the unresolved resonance region, but JENDL-2 and JENDL-3 tended to give smaller values than the experimental self-shielding factors in the resolved resonance region. KEYWORDS to-fissile-nucleus conversion ratio, and so on. In the multi-group calculation of nuclear reactors, the group constant is prepared from an evaluated nuclear data file.
In the resonance energy region, effective values of the group constant become generally smaller than the average cross sections weighted by the 1/E spectrum (infinitely diluted cross section) because of the resonance self-shielding effect. The ratio of a self-shielded group constant to an infinitely diluted cross section is defined as the self-shielding factor. Therefore, to calcu-late nuclear reactor properties correctly, it is necessary that accurate resonance parameters are given and that self-shielding factors can be obtained properly as well as infinitely diluted cross sections.
The resonance energy region is generally separated into two parts in evaluated nuclear data files. One is the resolved resonance region, which contains individual resonance parameters, and the other is the unresolved resonance region, in which the averages of resonance parameters are generally given.
The unresolved region of 238U is a very important energy range for the design of fast breeder reactors (FBR's) and high conversion light water reactors (HCLWR's). On the other hand, the unresolved region of 232Th is not so important in thermal reactors in which 232Th-233U cycle is the most suitable . However, to save uranium resources, FBR's containing thorium as blanket material and thorium fueled intermediate energy reactors were devised, where the unresolved region of 232Th plays an important role in the calculation of reactor characteristics.
However, there have been a little work indicating the inadequacy of the way of representing the average resonance parameters for the unresolved region. De Saussure at al.(1) and Ganesan(2) pointed out the following problems for 238U in ENDF/B -V :
(1) It is assumed without a theoretical justification that the s-wave neutron strength function (So) does not vary in the energy region of 4~45.18 keV.
(2) In the energy region of 4~,10 keV, enough resonances do not exist within the energy interval (250 eV) between the evaluated energy points to assume a statistical distribution such as Poter-Thomas distribution for the reduced neutron width. Perez at al.(3) measured self-indication ratios of 238U and compared the results with calculations from 4 to 10 keV. They observed a considerable amount of fluctuation as a function of the neutron energy which was not reproduced by ENDF/B-V and recommended the extension of resolved region to higher energy.
As mentioned above, the average resonance parameters in the unresolved region of 238U and 232Th do not seem very reliable. This unreliability is caused principally and intrinsically by the evaluation method, namely, the average resonance parameters in the unresolved region are evaluated to reproduce the measured cross sections.
By such an evaluation method, average resonance parameters are not obtained uniquely and the reproducibility of the self-shielding factors is not always guaranteed.
Therefore, evaluated average resonance parameters need to be experimentally checked as to whether or not they give adequate self-shielding factors for the neutron capture reaction.
In the present work, the self-shielding factors for the neutron capture reactions of 238U and 232Th were determined experimentally with transmission measurements and selfindication measurements in the resonance energy region of 1~35 keV. Their considerably large errors at low energy were caused by a small signal-to-noise ratio. For 232Th, there was no measurement because of high background g-rays from its daughter nuclei.
In the present work, a good signalto-noise ratio was achieved using a short flight path of 6.5 m to relatively reduce the effect of high background.
The experimental results are compared with the calculations using resonance parameters in the evaluated nuclear data files JENDL-2(5), JENDL-3(6) and ENDF/B-IV (7), and the validity of them is discussed.
II. EXPERIMENTAL METHOD

Experimental Condition and Arrangement
The self-shielding factors were obtained from sets of neutron transmission ratio measurements and self-indication ratio measurements with several transmission samples of different thicknesses.
The experiment was carried out by a neutron time-of-flight (TOF) method using an electron linear accelerator Fig. 1 . An accelerated electron beam impinged on a water-cooled tantalum target to produce photoneutrons, which were moderated by a water tank of 8 cm in thickness placed near the target to achieve the so-called 1/E spectrum. The moderated neutrons flew to a measuring point through a flight path of 6.5 m length.
A Pb shadow bar of 7 cm in diameter and 10 cm in length was placed in the neutron beam to avoid an intense r-flash from the photoneutron target.
Notch filters of Al, Mg and Co were used for the background measurement, and a Cd sheet of 0.5 mm thickness was put into the neutron beam as an overlap-filter.
The neutron beam was collimated to be 4.1 cm in diameter on a capture sample between two C6D6 scintillators.
The experimental conditions for the present measurements are summarized in Table 1 . A pair of C6D6 scintillators of 10 cm in diameter were used as the detectors of prompt capture g-rays.
In the case of transmission measurement, a thick 10B plate was set between the scintillators, while a 238U or 232Th capture sample was used instead of the '-B plate in the self-indication measurement. Figure 2 shows the block diagram of the electronic circuits in the present measurement. An automatically cycling sample changer was used so as to cancel out the systematic error caused by the drift of electronic circuits during the measurement.
The sample changer had four positions, one of which was provided for the open beam measurement, and the others for transmission samples of different thicknesses.
One cycle took 10 to 20 min, and the total running time was about 150 h. A BF8 monitor was used to normalize the measured data at each sample position. 
Transmission Measurement
The transmission ratio is defined as the ratio of the number of neutrons passing through a transmission sample to that of incident neutrons.
It can be obtained as a ratio of the number of 10B(n, ag) reactions for "sample in" to that for "sample-out" (open beam). The 480 keV r-rays from this reaction were detected by a pair of C6D6 scintillators as shown in Fig. 3(a) . Then the measured Under the assumptions that the neutron spectrum is 1/E and that the efficiency is constant in each energy group, Eq. ( 1 ) is rewritten as ( 2 ) 3. Self-indication Measurement
The experimental arrangement for the selfindication measurement is same as that for the transmission measurement except for the neutron capture sample as shown in Fig. 3(b) . In this measurement, the capture sample should be composed of the same material as the transmission sample. Then the measured selfindication ratio for the sample thickness N, in the energy group g is written as
The capture sample thickness n must be small enough to assume that the effects of the attenuation and the multiple scattering of neutrons in the capture sample can be negligible. Under the assumption of 1/E spectrum and constant efficiency, Eq. ( 3) is rewritten as ( 4 ) 4. Definition of Self-shielding Factor A group constant for the neutron capture reaction in the energy group g was given by
Abagyan (8) as ( 5 ) In the case of infinite dilution, i.e. s=oo, the group constant gives the average cross section weighted by 1/E spectrum (infinitely diluted cross section), ( 6 ) 
5. Derivation of Self-shielding Factor
After the transmission and self-indication ratio measurements for many transmission samples of different thicknesses, Tg(Ni) and Rg (Ni) are fitted to appropriate functions of sample thickness N with a least-squares method.
Then the newly obtained functions Tg(N) and Rg(N) are multiplied by exp(-Ns0) and integrated by the thickness from N=0 to oo ( 8 ) ( 9 ) -5-where as is the dilution cross section which can be selected arbitrarily.
Thus the selfshielding factor for the neutron capture reaction can be expressed by the ratio of Rg(s0) to Tg(s0) from the relation of Eq. ( 7 ) : (10) This method has the following advantages to obtain the self-shielding factors experimentally :
(1) This method can give the self-shielding factor in high energy regions, where an individual resonance analysis is not applicable.
(2) There is no error due to level missing, which is introduced by chance in an individual resonance analysis. (3) Because the self-shielding factor is obtained by the integration over an energy group, the high energy resolution is not essential and hence a short flight path is available. (4) 
The transmission ratio Tg(Ni) or the selfindication radio Rg(Ni) for the energy group g and the transmission sample thickness N, becomes (12) For the self-indication measurement, the attenuation and the multiple scattering of neutrons in the capture sample must be taken into account.
Considering these effects, the denominator of Eq. ( 3 ) can be written as (13) Here, P is the probability for a scattering neutron to be captured in the capture sample (assumed to be constant in an energy group) and cr,, is the correction factor for the attenuation and the multiple scattering of neutrons in the capture sample for the open beam run. In the same manner, the numerator of Eq. ( 3 ) can be written as (14) where agi is the correction factor for the "sample in" run . Then Rg(Ni) becomes (15) where R'g(Ni) is the measured self-indication ratio. The correction factor /38" defined by a g0/agi, was calculated by numerical integration, while P in Eq. (13) was obtained by a Monte Carlo method.
In the measurement for 238U, natural uranium was used for the transmission samples and the capture sample. In the transmission measurement, the effect of 235U is small enough to be neglected, while the fission signals of 235U in the capture sample had to be corrected.
This correction was carried out by using the ratio of the fission cross section of 235U to the capture cross section of 238U taken from JENDL-2(5) .
The transmission and self-indication data obtained for various samples were fitted by the following function with a least squares method :
The parameters b and c in Eq. (17) were obtained by using experimental values for the thickest three transmission samples. Though this fitting function has no theoretical meaning, the experimental self-shielding factors converge with increasing M and varied within only +-0.5% from M=4 to 6, then the dimension of 5 was taken throughout the present work. In Fig. 4 , typical examples of measured transmission ratios and self-indication ratios are shown together with the fitted lines. The fitted functions were multiplied by exp and integrated from N=0 to oo . Then the self-shielding factor of neutron capture reaction were calculated by Eq. (10). In the case of transmission experiment, con--7 -sidering the energy dependence of '-B(n, ag) cross section and neutron attenuation in the 10 B plate, the effective neutron spectrum (e(E)xp(E)) was approximately in proportion to E-0.9 below 10 keV and to E-1.2 above 10 keV. However, the comparison of experimental results obtained by different two data processing method, one was using row TOF spectra and the other was using TOF spectra corrected by weighting the ratio of the 1/E spectrum to the effective neutron spectrum, showed that the influence of this spectral deviation led only 0.1 to 0.2% change of the transmission and the self-indication ratios.
In the present error estimation, the statistical error and the errors of the correction for the attenuation and the multiple scattering of neutrons in the capture sample were taken into account, where the error of transmission ratios was ignored, since it was much less than that of self-indication ratios.
Since it was difficult to analytically estimate the effect of the uncertainty of selfindication ratios on the integral value in Eq. ( 9 ), the following method was adopted. The "pseudo experimental points" were generated by a Monte Carlo method in accordance with a normal-distribution whose average was a self-indication ratio obtained experimentally and whose variance was the error of it. Then the errors of the integral values in Eq. ( 9 ) were approximated by the standard deviation of the distribution of integral values calculated from many series of pseudo experimental points. Finally, that standard deviation divided by Tg(s0) defined in Eq. ( 8 ) was adopted as the error of the self-shielding factor.
IV. RESULTS AND DISCUSSION
The experimental results are compared with calculations in this chapter.
Calculated self-shielding factors were generated by a group-constants processing code PROF. GROUCH G II -B(9) from the nuclear data files JENDL-2(5), JENDL-3(6) and ENDF/B-IV(7). This processing code calculates the same type of self-shielding factors as defined in Eq. ( 7 ), but it was assumed that resonances are narrow and isolated enough to neglect their interference and overlapping (NR-approximation), and that the reduced neutron width of every resonances obeys the Poter-Thomas distribution in the unresolved resonance region. However, NR-approximation does not introduce a large error to the present analysis, since the neutron spectrum in a transmission sample is not shaped by neutron moderation but by the incident neutron spectrum and neutron removal from the sample as indicated in Eqs. ( 2 ) and ( 4 ). Calculation was carried out for two energy group structures : one was the same as that of experimental analysis for the purpose of comparing the calculated values with experimental ones, and the other was a finer energy group structure to demonstrate their energy dependent properties.
1.
Uranium-238
The experimental and calculated results of 238U are listed in Table 2 , where dilution cross sections are fixed at 1, 10 and 100 barns. Figure 5 shows a neutron energy dependence of them at the dilution cross section of 10 barns.
In comparison with the experimental results of Kononov et al.(4) , who gave selfshielding factors above 10 keV at s0=0 barn, the present experimental results agree with theirs within the experimental error except for the energy region from 10 to 14 keV, where their result was 0.733+-0.073 and the present one was 0.832 ±0.014.
The accuracy of experimental value largely depends on the correction for the attenuation and the multiple scattering of neutrons in the capture sample. For 238U, the maximum error is about 3 % at a small dilution cross section in lower energy groups where the correction is larger.
Generally, the self-shielding factor increases and approaches to unity with the neutron energy and the dilution cross section. Both the experimental and calculated values approximately follow this general rule. In the unresolved resonance region above 4 keV in Fig. 5 , the experimental value fluctuates with the neutron energy, while the calculated ones go up smoothly for both JENDL-2 and ENDF/B-IV. To clarify this energy dependent Fig. 6 . The experimental error bars are added only to the C/E values for JENDL-2 to make the figure clear. Above 8 keV, the discrepancies between the experiment and calculations are within about 5 %. On the other hand, large discrepancies, some of which exceed 10 %, are observed below 8 keV. From 4 to 6 keV, the calculation using JENDL-2 and ENDF/B-IV gives smaller values than the experiment and the calculation using JENDL-3 at three dilution cross sections.
The boundary energy between the resolved and the unresolved resonance regions of 23811 is 4 keV in JENDL-2 and ENDF/B-1V. Figure 7 shows the comparison of s-wave neutron strength function S0 of 238U. The solid line in Fig. 7 is the experimental value obtained by Olsen(10) who carried out a transmission experiment with the high energy resolution and resolved 676 resonances from 0.9 up to 10 keV. His average So changes largely with the neutron energy, while those of JENDL-2 and ENDF/B-IV do not. Especially from 4 to On the other hand, JENDL-3, in which the resolved resonance region of 238U was extended to 9 .5 keV and the resolved resonance parameters were evaluated based on the Olsen's experiment, shows fairly good agreement with the experimental results from 4 to 6 keV. Therefore, the average resonance parameters which largely change with the neutron energy is necessary to reproduce the energy dependent structure of the self-shielding factor observed in the present measurement. From 6 to 8 keV, however, Fig. 6 shows that JENDL-3 overestimates the self-shielding factor at three dilution cross sections.
In other energy ranges of the unresolved region, discrepancies still exist between the experiment and the calculations as shown in Fig. 6 , but obvious tendency cannot be observed, i.e. the C/E value varies with the dilution cross section.
In the resolved resonance region, JENDL-2 and JENDL-3 underestimate the self-shielding factor from 3 to 4 keV. From 1 to 3 keV, large discrepancies more than 10 % between the experiment and the calculation are observed, but they are not consistent between the different dilution cross sections. In every event, s0=100 barns, the C/E values are smaller than the unity and gradually increase with neutron energy. Generally, the results in the unresolved region for 232Th have no remarkable discrepancy as seen for 238U. In the resolved region, JENDL-2 and JENDL-3 underestimate the self-shielding factors largely. Table 5 shows the comparison of resonance parameters and background cross sections in the resolved region. In ENDF/B-IV, the p-wave resonance parameter is not given, but background cross sections are very large. This fact seems to be the main reason of the larger self-shielding factors of ENDF/B-IV than JENDL-2 and JENDL-3.
Consequently, as well as 238U, careful evaluation of resonance parameters and background cross sections is considered necessary in lower energy region.
V. CONCLUSION
The self-shielding factors for the neutron capture reactions of 238U and 232Th have been obtained experimentally in the resonance energy region from 1 to 35 keV by the measurements of transmission ratios and selfindication ratios.
The experimental errors were about 1 to 3 % for "T and 1 to 7 % for 232Th. These relatively small experimental errors were achieved by using a short flight path of 6.5 m. The experimental results were compared with calculations based on JENDL-2, JENDL-3 and ENDF/B-IV at three dilution cross sections, s0=1, 10 and 100 barns. For 238U an energy dependent structure was observed in the experimental self-shielding factors.
The calculation using JENDL-2 and ENDF/B-IV did not show this structure in the unresolved region.
Especially from 4 to 6 keV, the S0 evaluated in JENDL-2 and ENDF/B-IV seems to be too large, and hence the calculation based on those files underestimated the self-shielding factor.
The calculation using JENDL-3, in which the resolved region is extended up to 9.5 keV based on the Olsen's experiment, agreed with the experiment from 4 to 6 keV, but the discrepancies between the experiment and the calculation still remained in other energy ranges.
For 232Th, no remarkable discrepancy was observed in the unresolved region.
In the energy range from 1 to 4 keV, JENDL-2 and JENDL-3 tended to underestimate the selfshielding factor.
In the resolved resonance region of both 238U and 232Th
, larger discrepancies were observed between the experimental and calculated self-shielding factors.
It is probably due to the large sensitivity of resonance parameters to self-shielding factors in lower energy region. Hence, the resonance parameters and the background cross sections have to be evaluated with special attention to reproduce accurate self-shielding factors.
